In this paper, a plasmonic Feynman gate based on suspended graphene nanoribbon waveguides at THz wavelengths is proposed and numerically investigated. The proposed plasmonic Feynman gate is composed of two cascaded microring resonators. The resonant states of microring resonators are flexibly controlled by tuning chemical potentials of graphene in rings, and thus, the logic operation results of Feynman gate can be performed successfully. Compared to the plasmonic Feynman gate based on graphene nano-ribbons deposited on the Si substrate and the plasmonic Feynman gate based on graphene nanoribbons deposited on the SiO 2 /Si substrate, our designed plasmonic Feynman gate can have better extinction ratio and crosstalk. Calculation results exhibit that the extinction ratio is larger than 15.39 dB and the crosstalk is lower than −15.55 dB when input logic states of our designed device are '00', '01', '10,' and '11'. 
Introduction
Duo to the advantage of high bandwidth, massive parallelism, high speed, and dense integration, silicon photonics is regarded as a promising platform for the realization of ultrafast and ultrahigh bandwidth communication and computing [1] , [2] . During logic computations, it has been proved that the loss of each bit of information generates k B Tln2 joules of heat energy, where k B and T are the Boltzmann constant and absolute temperature, respectively [3] . To avoid producing excessive heat, the reversible logic scheme in which one-to-one mapping between inputs and outputs can be maintained without losing information and dissipating energy is attracting much attention [4] , [5] . In recent years, several reversible logic circuits have been reported. All-optical Fredkin gate and Toffoli gate based on silicon microring resonators (MRRs) utilizing two-photon absorption induced free-carrier injection have been studied [6] . Logic operations at 40 Gb/s can be enabled, but they require strong pumps to generate the nonlinear effect. An optical Feynman gate composed of two cascaded MRRs and a 1 × 2 multimode interference (MMI) coupler for reversible logic operation has been proposed and experimentally demonstrated [7] . Although the proposed Feynman gate can realize large scale integration, the thermo-optical effect in silicon waveguide is adopted and an operating speed of 10 kbps is achieved. By contrast, owing to the ability of restricting the electromagnetic field energy in the nanometer range, surface plasmon polaritons (SPPs) have the potential to overcome the diffraction limit and enable us to design ultracompact photonic devices [8] - [10] . In addition, due to graphene's extraordinary electronic and optical properties [11] - [14] , such as ultrahigh electron mobility, graphene-based plasmonic waveguide devices with high operating speed have been reported [15] , [16] . Thus, graphene-based plasmonic devices would be a better choice to miniaturize the footprint and improve the speed. Previously, graphene-based plasmonic logic gates have been presented, such as AND, NAND, OR, NOR, XOR, and XNOR [17] , [18] . However, they are irreversible. To the best of our knowledge, graphene-based plasmonic reversible logics are never before discussed.
In this paper, we propose, design, and analyze a plasmonic Feynman gate consisting of two cascaded MRRs based on suspended graphene nano-ribbon waveguides (SGNRWs) at THz wavelengths. The characteristics of the mode profiles in the proposed SGNRW are studied in detail using the finite element method. By varying the chemical potentials of graphene in rings, the resonant states of MRRs are changed and then the corresponding logic operation results of Feynman gate are achieved at the two output ports. The performance of the designed plasmonic Feynman gate is comprehensively investigated in terms of insertion loss (IL), extinction ratio (ER), and crosstalk (CT). Simulation results show that a maximum IL of 6.45 dB, a minimum ER of 15.39 dB and a maximum CT of −15.55 dB can be obtained. Fig. 1(a) shows the three-dimensional (3D) schematic of the proposed SGNRW. The corresponding cross-sectional view of the SGNRW is shown in Fig. 1(b) . As depicted in Fig. 1(b) , a SiO 2 -grapheneair-SiO 2 structure is deposited on the SiO 2 /Si substrate. The width of the SiO 2 -graphene-air-SiO 2 structure is labeled as w, the width of the air layer is (w − 2w 1 ), and the thicknesses of the air layer and the SiO 2 layer are respectively marked as h 1 and t. For the SiO 2 /Si substrate, the thicknesses of the SiO 2 layer and the Si layer are considered as t.
Suspended Graphene Nano-Ribbon Waveguide
Graphene is treated as an anisotropic material. The perpendicular permittivity of graphene ε ⊥ can differ from the in-plane permittivity of graphene ε || . The perpendicular permittivity of graphene ε ⊥ is selected to be 1 [19] . The in-plane permittivity of graphene ε || is derived from ε = 1 + i σ ωε 0 [20] . Where σ represents the complex optical conductivity of graphene, ω stands for the angular frequency, ε 0 denotes the permittivity of vacuum, and is the thickness of the graphene layer. The complex optical conductivity of graphene σ composed of interband and intraband contributions can be modeled using the Kubo formula [21] , [22] :
Where τ denotes the momentum relaxation time, e stands for the electronic charge, ћ is the reduced Planck constant, and f d (ε) = (e (ε−μ c )/k B T + 1) −1 represents the Fermi-Dirac distribution function in which μ c is the chemical potential. For ћω, |μ c | â k B T, the interband and intraband contributions can be approximated as [22] , [23] 
As seen in Eqs. (4) and (5), the intraband contribution has a major role in the THz and far infrared region [22] - [24] . By using a commercial available finite-element-method software package (COMSOL), the mode profiles in the proposed SGNRW can be calculated and analyzed. Fig. 2(a) shows the effective indices of the modes in the proposed SGNRW as a function of the width w at an operating frequency of 30 THz when the chemical potential μ c is changed. In the simulation, = 1 nm, T = 300 K, τ = 0.765 ps, ε SiO2 = 2.09, and ε Si = 11.9 are considered [25] . From Fig. 2(a) , waveguide graphene surface plasmon (WGSP) mode and edge graphene surface plasmon (EGSP) modes labeled as EGSP 1 and EGSP 2 will be supported if the width w is large enough. It can also be found that only EGSP 1 mode can exist when the width w is reduced to a certain value. In order to obtain a large variation of real part of the effective index Re(n eff ) and a small imaginary part of the effective index Im(n eff ) under the single-mode condition when the chemical potential is changed, the width w is selected to be 30 nm. The dependence of the effective indices of the supported EGSP 1 mode on the thickness t is shown in Fig. 2(b) . Note that in Fig. 2(b) , as the thickness t increases, Re(n eff ) and Im(n eff ) become large and then stable. The thickness t is chosen to be 20 nm so that EGSP 1 mode can have a relatively small Im(n eff ) with a large variation of Re(n eff ). Fig. 3 shows the effect of the width and thickness of the air layer on the figure of merit (FoM) which is defined as the ratio of Re(n eff ) to Im(n eff ). As seen in Fig. 3 , when the width (w − 2w 1 ) is selected to be (w − 2w 1 ) = 0 nm, the air layer disappears and the FoM is reduced with the increasing thickness h 1 . When the width (w − 2w 1 ) increases, the FoM becomes greater. For a fixed width of the air layer, the FoM increases first and then decreases as the thickness h 1 increases. Thus, the width (w − 2w 1 ) and the thickness h 1 are chosen as: (w − 2w 1 ) = 28 nm and h 1 = 10 nm with a maximum FoM of 203.3.
The Proposed Plasmonic Feynman Gate
The 3D schematic and top view of the plasmonic Feynman gate using the proposed SGNRWs are respectively shown in Fig. 4(a) and (b) . From Fig. 4(a) and (b) , the plasmonic Feynman gate comprises two cascaded MRRs which are labeled as MRR 1 are set to be μ c1 , MRR 1 and MRR 2 are in the off-resonance case which is assumed to be logic 0 and the optical signal almost doesn't comes out from the two output ports (Output 1 = 0, Output 2 = 0). When the chemical potential of graphene in MRR 1 is selected to be μ c1 and the chemical potential of graphene in MRR 2 is tuned to be μ c2 , MRR 1 is still in the off-resonance case, MRR 2 is in on-resonance case which is assumed to be logic 1, and the optical signal exits from the Output 2 port (Output 1 = 0, Output 2 = 1). When the chemical potential of graphene in MRR 1 is changed to be μ c2 and the chemical potential of graphene in MRR 2 is chosen to be μ c1 , MRR 1 is on resonance, MRR 2 is off resonance, and the optical signal emerges from the two output ports (Output 1 = 1, Output 2 = 1). When the chemical potentials of graphene in MRR 1 and MRR 2 are tuned to be μ c2 , MRR 1 and MRR 2 are on resonance and the optical signal exits from the Output 1 port (Output 1 = 1, Output 2 = 0). In this work, the radii of MRR 1 and MRR 2 are chosen as R = 100 nm. In order to obtain excellent ER and reduce the IL, the chemical potentials μ c1 and μ c2 , and the gaps g 1 , g 2 , g 3 , and g 4 should be optimized. Fig. 5 shows the effect of the gaps g 1 and g 2 on the drop-port transmission of the first element when the chemical potential of graphene in MRR 1 varies from 0.60 eV to 1.00 eV. As seen in Fig. 5 , if the chemical potential of graphene in MRR 1 is selected to be 0.639 eV and the gaps g 1 and g 2 are respectively chosen to be 2 nm and 6 nm, the forward transmission coefficients at the two drop ports will be almost the same, and thus the first element can act as an optical splitter. From Fig. 5 , it also can be found that the forward transmission coefficients at the two drop ports reach to the minimum when the chemical potential of graphene in MRR 1 is set to be 0.96 eV. Similarly, when the chemical potential of graphene in MRR 2 varies from 0.60 eV to 1.00 eV, the dependence of the gaps g 3 and g 4 on the drop-port transmission of the second element is shown in Fig. 6 . Note that in Fig. 6 , when the gaps g 3 and g 4 are set to be 3 nm and 2 nm with the on-resonance chemical potential of 0.639 eV and the off-resonance chemical potential of 0.96 eV, the ER at the drop port of the second element has a maximum. Therefore, the chemical potentials μ c1 = 0.96 eV and μ c2 = 0.639 eV are selected and the gaps g 1 , g 2 , g 3 , and g 4 are respectively optimized to be 2 nm, 6 nm, 3 nm, and 2 nm.
The magnetic field intensity distributions for the designed plasmonic Feynman gate are shown in Fig. 7 . As seen in Fig. 7(a) , when the chemical potential of graphene in each MRR is selected to be μ c1 = 0.96 eV, MRR 1 and MRR 2 are off-resonance (logic 0) at 30 THz and almost no optical signal exits from the two output ports. Fig. 8(a) shows the corresponding transmission spectra. As shown Fig. 8(a) , it can be found that −23.83 and −22.66 dB can be achieved for Output 1 and Output 2 ports. Note that in Fig. 7(b) , when the chemical potential of graphene in MRR 1 is unchanged and the chemical potential of graphene in MRR 2 is tuned to be μ c2 = 0.639 eV, MRR 2 is in on-resonance case (logic 1) and thus the optical signal transits MRR 2 , then comes out from the Output 2 port. The corresponding transmission spectra are shown in Fig. 8(b) . From Fig. 8(b) , forward transmission coefficients of the designed plasmonic Feynman gate at Output 1 and Output 2 ports are −21.84 and −6.29 dB, respectively. As shown in Fig. 7(c) , when the chemical potential of graphene in MRR 1 is changed to be μ c2 = 0.639 eV and the chemical potential of graphene in MRR 2 is chosen to be μ c1 = 0.96 eV, the first element acts as an optical power splitter and then the optical signal emerges from the two output ports Output 1 and Output 2 . When the input logic state is '10', the transmission spectra for the designed plasmonic Feynman gate are described in Fig. 8(c) . Note that in Fig. 8(c) , it can be seen the forward transmission coefficient at the Output 1 port is −6.34 dB and the one at the Output 2 port is −5.60 dB. As depicted in Fig. 7(d) , when the chemical potentials of graphene in MRR 1 and MRR 2 are changed to be μ c2 = 0.639 eV, the first element still acts as an optical power splitter, the second element serves as an optical filter and the optical signal comes out from the Output 1 port. The transmission spectra are shown in Fig. 8(d) when the input logic state is '11'. From Fig. 8(d) , forward transmission coefficients of the designed plasmonic Feynman gate at Output 1 and Output 2 ports are respectively −6.45 and −27.85 dB. Fig. 7(e) summarizes the truth table of the designed plasmonic Feynman gate. The performance of plasmonic Feynman gates using different types of waveguides is shown in Table 1 . As depicted in Table 1 , the proposed plasmonic Feynman gate has a small IL, a low CT, and a high ER compared with the plasmonic Feynman gate based on two cascaded MRRs using graphene nano-ribbons deposited on the Si substrate [25] and the plasmonic Feynman gate based on two cascaded MRRs using graphene nano-ribbons deposited on the SiO 2 /Si substrate [25] - [27] . In this work, the CT in dB for the ports Output 1 and Output 2 is given by CT 1(2) (dB) = max(FTC 2(1) 0 ) − min (FTC 1(2) 1 ). The ER in dB for the ports Output 1 and Output 2 can be written as ER 1(2) (dB) = min(FTC 1(2) 1 ) − max (FTC 1(2) 0 ). The IL in dB for the ports Output 1 and Output 2 is defined as IL 1(2) (dB) = −min (FTC 1(2) 1 ). Here, FTC x(y) Z stands for the forward transmission coefficient of the designed plasmonic Feynman gate at the Output x (Output y ) port with the output logic state 'z' (x = 1, 2, y = 1, 2, and z = 0, 1).
Conclusion
In conclusion, a plasmonic Feynman gate using two cascaded MRRs based on SGNRWs has been proposed and numerically studied in the terahertz domain. The effective refractive indices of MRRs based on SGNRWs can be changed by varying the chemical potentials of graphene causing a change in the resonant states of MRRs so that the plasmonic Feynman gate can be realized. By optimizing the widths w and (w − 2w 1 ), the thicknesses h 1 and t, the chemical potentials μ c1 and μ c2 , and the gaps g 1 , g 2 , g 3 , and g 4 , the designed plasmonic Feynman gate can have better ER and CT compared to the plasmonic Feynman gate using two cascaded MRRs based on graphene nano-ribbons deposited on the Si substrate and the one using two cascaded MRRs based on graphene nano-ribbons deposited on the SiO 2 /Si substrate. Calculation results show that the ER varies from 15.39 to 16.37 dB, the CT ranges from −15.55 to −21.40 dB, and the IL is lower than 6.45 dB for our designed plasmonic Feynman gate at 30 THz. This work may offer a reference for researchers who are interested in the design of high-performance reversible logic circuits to avoid producing excessive heat.
